Feline immunodeficiency virus (FIV) is a recently discovered T-lymphotropic lentivirus (28) which appeared to be the cause of an AIDS-like disease in naturally infected cats (14, 15, 28, 36, 39, 44) . FIV resembles human immunodeficiency virus type 1 (HIV-1) in its biological and morphological properties. A decline in numbers of CD4+ lymphocytes observed in vivo and in vitro (1, 3, 13, 37) , a gradual loss of immune function (3, 11, 18, 38, 41, 44) , and the occurrence of opportunistic infections as in human AIDS make FIV infection in cats a useful small animal model for the study of HIV infections in humans.
Infection with lentiviruses, including FIV and HIV-1, generally results in persistence of the virus in the host, leading to a continuous interaction between the virus and the immune system (4, 6, 21, 22, 24, 25, 44) . Genetic variation allows the virus to escape from the continuous pressure exerted by antibodies (20, 32, 43 ; for a review, see reference 26) and cytotoxic T cells (29) . Domains on the envelope glycoprotein that induce virus neutralizing (VN) antibodies have been determined (7, 10, 12, 17, 40) , and escape from VN antibodies has been described in various lentiviral systems. After infection with HIV-1, two types of VN serum antibodies are observed. Shortly after infection, type-specific neutralizing antibodies that are mainly targeted to the principal neutralizing determinant (PND) within variable region 3 arise (10, 27, 34) . Later in the course of infection, more broadly neutralizing antibodies in which other antigenic sites on the envelope protein are also involved are induced (7, 16, 19, 31, 40 ; for a review, see reference 9) . The envelope gene of FIV is highly variable but exhibits, like the envelope gene of HIV-1, constant and more variable regions (23, 30, 37) . FIV neutralizing antibodies have been demonstrated in the sera of infected cats (5, 42) , but the sites involved in their induction have not been identified. The generation of VN escape mutants and studies concerning the mechanisms leading to escape may provide more information about the structural and functional properties of these antigenic sites. Two mechanisms by which a lentivirus can escape from VN antibody pressure have been described. The first involves changes in the binding site itself, whereas the other involves changes elsewhere on the envelope glycoproteins (20, 43) . The availability of molecular clones of HIV-1 has allowed the identification of the molecular basis underlying the escape of the virus from neutralizing antibody and has provided evidence that both mechanisms are operational (20, 32, 43) .
In an attempt to elucidate the mechanism by which FIV would escape from VN pressure, we have used the same approach. Thus, we have identified a single amino acid change in the envelope glycoprotein of FIV that leads to escape of the virus from neutralizing antibody.
MATERIALS AND METHODS
Virus. Viral progeny of replication-competent molecular clones 19kl (FIV19kl) and 19k32 (FIV19k32) and the uncloned isolate FIV A'daml9 were obtained as described previously (37) . A 10-week-old specific-pathogen-free (SPF) cat (cat 14) was infected with FIV19kl by intraperitoneal inoculation of 102 50% tissue culture infectious doses. Virus was reisolated from this cat at 2 and 32 weeks postinfection (p.i.) and designated FIV19k1R2 and FIV19k1R32, respectively.
Sera. Serum of a naturally FIV infected cat, A'daml9, was designated serum A19 (37 The 1,662-bp KpnI fragments from the 3'KK subclones in which 144-bp NsiI and MstII fragments were exchanged were cloned into the 3' subclone of 19kl; 2.5-,ug amounts of each of the 3' subclones and the 5' subclones were mixed, digested with SphI, and ligated. After digestion with Sall, the constructs were transfected into Crandell feline kidney (CrFK) cells as previously described (37) . Virus production was rescued by cocultivation of transfected cells with ConAand IL-2-stimulated PBMC for 3 days. Cultures were monitored for syncytium formation of PBMC and RT activity in the culture supernatant. When RT activity could be measured, culture supernatant was filtered through an 220-nmpore-size filter and stored in aliquots at -135°C.
Synthesis and reaction of peptides with sera. Twelve-mer peptides with an overlapping sequence of 11 amino acids were synthesized and analyzed for reactivity with sera as previously described (8 (Fig. 2A) . RT (Fig. 2C) . RT activity was demonstrated after 17 days of infection in both cultures of l9klA. The kinetics of virus replication of l9klA,A were similar to those of the control l9klA,B (Fig. 2B) and l9klB,B (Fig.  2C) . As expected, no virus replication was observed in the culture l9klB,A (Fig. 2C) . These results show that l9klA,A is resistant to virus neutralization by serum 1422.
Sequence analysis. Cells of culture l9klA,A further designated l9klesc were lysed, and the envelope gene of the FIV genome, integrated in the cellular DNA, was amplified by PCR. The PCR product was digested with EcoRI and SphI and cloned into pUC19. The envelope gene of l9klesc was sequenced and compared with the envelope sequences of the parental clone 19kl and clone 19k32 (Fig. 3) . At position 468 in hypervariable region 2 (HV-2), we observed a silent transition of T to C (not shown). Two A-to-C transversions were observed in HV-5. One at position 1667 causes an amino acid substitution of asparagine to threonine (amino acid position 556), whereas the other at position 1678 causes an amino acid substitution of lysine to glutamine (amino acid position 560). Comparison of the nucleotide sequences of the envelope genes of clone 19kl and clone 19k32, which exhibited the same phenotype as did l9klesc in a VN assay using serum 1422, showed the presence of a T-to-G transversion at position 1665 and a transition of C to T at position 1669, resulting in substitutions of asparagine with lysine (amino acid position 555) and histidine with tyrosine (amino acid position 557), respectively (Fig. 3) .
Virus neutralization of chimeric clones. Viral progeny of the parental clone 19kl and of those in which the envelope gene had been exchanged partially or an amino acid had been substituted by site-directed mutagenesis and the escape mutant l9klesc were incubated with serum 1422 or SPF serum prior to infection of ConA-and IL-2-stimulated thymocytes. The results of this experiment are similar to those of a number of previous experiments in which the chimeric clones were tested separately for neutralization by serum 1422. RT activity was measured 9 and 12 days p.i. RT activity could be measured in all control cultures 9 days p.i. and continued to increase through 12 days p.i. (Fig. 4) . As expected, FIV19kl was neutralized by serum 1422 and not by the SPF serum (Fig. 4A) . As before, FIV19k32 was not neutralized by serum 1422 (Fig. 4B) . To investigate whether the difference in virus neutralization between the two molecular clones was caused by the differences in the surface protein, we exchanged the 1,662-bp KjpnI fragment. The The escape mutant of FIV19kl, grown in the presence of serum 1422, was not neutralized by this serum (Fig. 4C) .
Comparison of the amino acid sequence of the envelope protein of 19kl and the sequence of the escape mutant showed two amino acid substitutions within HV-5. To study whether these substitutions underlie the escape of FIV19kl from serum 1422, we exchanged the 144-bp NsiI-MstII fragment, containing the whole HV-5, of clone 19kl with that of the escape mutant. This chimera, designated l9klNMesc, was not neutralized by serum 1422 (Fig. 4D), indicating that one or both amino acid substitutions are involved in the escape mechanism. By site-directed mutagenesis, the two amino acids were substituted separately. These point-mutated clones were designated l9klmutl (position 556, Asn to Thr) and l9klmut2 (position 560, Lys to Gln). FIV19klmutl was neutralized by serum 1422 (Fig. 4E) 1422 (Fig. 4F) (20) . Others have shown that an amino acid substitution in the transmembrane glycoprotein of HIV-1 induced resistance to neutralization by sera from seropositive individuals (32) . The basis for this resistance was shown to be most likely a conformational change altering a neutralization-inducing determinant at a distant site (43) . To elucidate the mechanism involved in the escape from neutralization observed in the FIV system, further studies identifying antigenic sites that induce virus neutralization will be necessary.
Our data, which showed that an FIV escape mutant could readily be generated in the presence of VN and 19k32 resulted in transfer of the neutralization-resistant phenotype and the envelope proteins of 19kl and 19k32 differ in only six amino acids, two of which are located within the HV-5 region (Fig. 3) , genetic exchange experiments will reveal the exact location of additional regions involved in escape from virus neutralization.
As in other lentivirus infections, VN antibodies and cytotoxic T cells may be expected to play a crucial role in the pathogenesis of and the protective immunity against FIV infections. Therefore, detailed analysis of antigenic sites of FIV involved in the induction of VN antibodies and the mechanism leading to VN-resistant FIV variants will lead to a better understanding of lentivirus pathogenesis and help in the design of effective lentivirus vaccines.
